The large brown seaweeds (macroalgae) are keystone species in intertidal and shallow subtidal marine ecosystems and are harvested for food and other products. Recently, there have been sporadic, often anecdotal, reports of local abundance declines around the British Isles, but regional surveys have rarely revisited sites to determine possible changes. An assessment of changes in the abundance of large brown seaweeds around the British Isles using historical survey data, and determination of whether any changes were linked with climate change was undertaken. Data were analysed from multiple surveys for 14 habitat-forming and commercially important species of Phaeophyceae, covering orders Laminariales, Fucales and Tilopteridales. Changes in abundance were assessed for sites over the period 1974-2010. Trends in distribution were compared to summer and winter sea surface temperatures (SST). Results revealed regional patterns of both increase and decrease in abundance for multiple species, with significant declines in the south for kelp species and increases in northern and central areas for some kelp and wracks. Abundance patterns of 10 of the 14 species showed a significant association with SSTs, but there was a mixture of positive and negative responses. This is the first UK-wide observation of declining abundance of large brown seaweeds. Historical surveys provide useful data to examine trends in abundance, but the ad hoc nature of these studies limit the conclusions that can be drawn. Although the British Isles remains a stronghold for large brown algae, it is imperative that systematic surveys are undertaken to monitor changes.
Introduction
Seaweed communities in different parts of the world have been profoundly impacted by humans, and in a time of rapid environmental change the large brown seaweeds have been the subject of an increasing number of reports documenting both their decline or loss coupled with an increase in populations of predominantly invasive species (Brodie et al. 2009; Brodie et al. 2014 , Koch et al. 2013 Lima et al. 2007; Simkanin et al. 2005) . Large brown seaweeds are integral components of marine communities and are the main habitat formers in temperate reef ecosystems (Tuya et al. 2012) , with kelp forests (Laminariales) dominating biomass in the subtidal and fucoids (Fucales) in the intertidal. Kelp forests are a major source of primary production and one of the most productive habitats on Earth (Reed et al. 2008) . The highly productive fucoids also play a key role in carbon capture and transfer in coastal ecosystems (Gollety et al. 2008) . These habitat-forming seaweeds facilitate a diverse community of understory algae, invertebrates and vertebrates (Jørgensen and Christie, 2003) . Brown seaweeds are also an economically valuable resource: they were harvested for soda ash and iodine between the 17 th and 19 th centuries, and remain an important source of alginates (McHugh, 2003; Smale et al. 2013 and refs. therein) . More recently, there has been interest in the biochemical properties of macroalgae for potential use in medicine (Wijesinghe and and some reviews have predicted declines in macroalgal abundance due to environmental change (Harley et al. 2012; Hiscock et al. 2004; Koch et al. 2013; Müller et al. 2009 ). Some species of macroalgae, such as Alaria esculenta, have been proposed as indicators of biotic response to climate change (Mieszkowska et al. 2006) . Given that sea-surface temperatures in the northeast Atlantic have increased by ca. 0.3-0.8 °C per decade over the last ca. 25 years (Lima and Wethey 2012), climate change is an important factor influencing coastal seaweed communities (Poloczanska et al. 2013 ).
In order to determine the extent of change in these seaweed communities, and to relate these changes to environmental influences, long term monitoring and/or reliable quantitative survey evidence from sites which can be resurveyed are required. However, frequently both types of evidence are lacking. Where losses of large brown seaweeds have been reported (Table 1) , methods have included revisiting sites with historical surveys, undertaking a literature review, and making inferences from anecdotal evidence. Reported losses of Alaria esculenta in Ireland (Simkanin et al. 2005 ) and Britain (Mieszkowska et al. 2006) were determined by comparisons of sites with historical data. In the northwest Atlantic, retraction of this species at its southern edge was inferred from a literature review (Merzouk and Johnson, 2011 Although additional categories, such as dominant and superabundant, have been incorporated into the scale, and thresholds defining the categories have varied slightly, this system has remained in common use for coastal surveys (Hiscock, 1996; Mieszkowska et al. 2006; Wijesinghe and Jeon, 2012 is no ongoing strategy to perform long term monitoring at a national level. Our aim is to combine existing survey data spanning the past four decades in order to examine spatial and temporal trends in the abundance of large brown seaweeds in relation to changing climate.
Methods

Distribution data
A database of 127,569 observations (covering the 18 th century to the present day) of large brown macroalgae around the British Isles was collated by Yesson et al. (in press ). These data were collected from a variety of sources, including national and regional surveys, museum databases and literature searches. The majority of data was accessed via the National Biodiversity Network (Although documented in the original database, the alien species U. pinnatifida was not included in this study due to insufficient data, reducing the species list to 14). These data were filtered to include only those records with species' abundance data and a spatial accuracy of 1 km or better.
These data record abundance using variants of the ACFOR scale (Crisp and Southward, 1958) . A summary of the categories used by various surveys is presented in Table 2 along with our method to integrate these into a single 5-level system (Abundant, Common, Occasional, Rare and Not recorded -ACORN). Given the discrepancies around the Occasional and Frequent categories in the original classifications, these were combined in order to reduce categorical mismatches. Upon examination of the data, it was found that very few surveys recorded the absence of a species, so the Not recorded category was omitted.
Observations of species presence were grouped onto a 1 km grid, where multiple observations within the same grid and time period were treated as a single observation, with the abundance recorded as the mean of all observations rounded to the nearest integer, using a numerical coding of the classification scheme (4=Abundant, 3=Common, etc). Data were examined regionally based on the biogeographic boundaries described by the Joint Nature Conservation Committees regional seas project (Connor et al. 2006 ).
Sea surface temperatures
High resolution data of sea surface temperatures (SSTs) were downloaded from the "Ocean Color 
Analysis
Observations of abundance were grouped within years into summer (April-September) and winter (October-March) observations. Only observations from the same season were compared across years to minimise the impact of seasonal variation on trend lines. Rate of change of abundance was calculated for each site using linear regression. Correlation of change in abundance was tested for each pair of species using the Pearson correlation coefficient with data from sites were both species were present.
A generalised linear mixed model was used to test the influence of sea surface temperature on abundance. The response variable, abundance, was coded as 1-4 (1-Rare, 4-Abundant); fixed effects were summer and winter sea surface temperatures of the year of observation, which were input as both linear and quadratic terms; year of observation was regarded as a random effect as the response to temperature is expected to be consistent over the time of observations; and a spatial correlation structure based on the linear distance between sites was included to correct for spatial autocorrelation. A model was fitted for each species using the glmmPQL function from the R package MASS (Venables and Ripley, 2002) .
Results
The database of species observations with abundance data contained 76,527 entries. Spatially inaccurate records were removed and the remaining data aggregated by decade and paired by overlapping locations (i.e. records located within the same 1 x 1 km square on the ordnance survey grid), leaving 5,481 abundance observations for the 14 species. Site observations were 1-36 years apart between 1974 and 2010. The majority of sites (74%) had only two temporal observations per species, and only 3% of sites had more than 4 temporal observations for any species. The typical time period between observations was 1 year (11%), but the majority of sites had observations more than a decade apart, and the median temporal difference between observations was 11 years. The most frequently observed abundance class was "Common", which accounted for 42% of observations.
Examining abundance observations by site between 1974 and 2010 ( (Table 4) . Nineteen of these significant correlations were positive, indicating that it is common for multiple species to either increase or decrease in tandem at a particular site. The greatest negative correlation was between F. serratus and A. nodosum.
Examining patterns by biogeographical region (Fig. 1a, b , Table 5 ), shows disparate changes for kelps ( Fig. 1a) and wracks ( Fig. 1 b) . The general trend for kelps was a decrease in abundance in the southern geographic regions, and relatively stability or an increase in abundance in the northern regions. Species with a marked contrast between regions (red to green, abundance and temperature. The remaining wracks showed no significant regional trends, although the abundance of both F. spiralis and Himanthalia elongata had a negative correlation with winter temperatures, which may be a concern if the trend for milder winters continues.
Temperature is expected to be a factor in species declines at the edge of ranges, where those species are at the limit of their thermal tolerances (i.e. southern edge for northern hemisphere species) (Harley et al. 2006) . Of the 14 species in this study, none are at their southern limits in the British Isles. However, the Arctic and cold temperate species Alaria esculenta has its southern limit at approx. the 20 °C August isotherm (Widdowson 1971) and is only found in restricted locations in Northern France (Lüning, 1990) . Although studies have shown declines of this species in the northeast Atlantic (Merzouk and Johnson, 2011; Mieszkowska et al. 2006; Simkanin et al. 2005) , our data show no significant relationship in change in abundance with summer or winter temperature. However, this is the only species to show a significant increase in abundance in
Western Scotland, and may be an example of a species flourishing in its optimum environment.
tom Dieck (1993) reported that A. esculenta zoospores have an upper limit of 18 °C and optimal germination between 2 and 12 °C whereas gametophytes are more temperature tolerant with an upper survival limit of 19-21 °C. A. esculenta is proposed as an indicator species for monitoring the effects of climate change in Britain and Ireland (Mieszkowska et al. 2006) . Therefore, although we did not find evidence of a significant change in abundance in Britain, the cooler temperatures required for zoospores may ultimately restrict this species in the region if temperatures continue to increase.
Study design
The results reported here are dependent on the assumption that the paired observations of abundance are comparable. These data were collected 1-36 years apart, by a variety of researchers with potentially different objectives and survey methodologies. However, all had the objective of measuring macroalgal abundance, and the abundance scales employed in these surveys were very similar. Although it is possible that there is a systematic bias in the data that we have not appreciated, the authors' experience covering many decades of field surveys, and discussions with other researchers, leads us to believe that these are valid comparisons.
It could be argued that because the majority of site-specific trends (4056) are based on 2 years of observations, that it is difficult to determine a robust site-specific trend. We expect fluctuations in abundance that may not reflect a long term trend, for example, 50% of species absences in north Norfolk were found to be ephemeral (Tittley, 1998) . Nevertheless a significant portion of sites (1125) have data from more than two time periods. Our objective is not to examine site-specific trends but to combine these to present regional and country-wide patterns. Given the size and extensive regional and temporal sampling, and the broad agreement with results already reported (Table 1) , we consider that our findings are noteworthy and are a foundation for further work and discussion.
Although this study examines average climatic conditions, extreme events may be driving some are temporally biased and the median difference between observations is 11 years, which means we cannot replicate analyses such as those relying on year on-year transitional models (Mieszkowska et al. 2013) . Methodological advances are required in order to extract the full potential from these data.
Conclusions
Large brown seaweeds are habitat-forming and fundamental to the functioning of coastal marine ecosystems and the British Isles. Long term trends of change in abundance for large brown seaweeds present serious challenges to the long term future of these ecosystems, particularly as the British Isles is in the centre of the NE Atlantic distributions for most species and not at climatic tolerance limits. Given that temperature alone does not explain all observed increases and decreases in abundance, it is vital to identify both the physical and biological factors that are driving these changes. In addition, a much greater understanding of the different phases of the life history of these species across the population spectrum is required, along with consideration of such factors as increased storminess, turbidity and pollution.
Historical surveys can be useful to examine long term trends in changing abundance, but these data are no substitute for systematic, repeated studies, and the ad hoc nature of sampling can greatly limit our conclusions. At present, population abundances are typically classified as common, but some areas appear to show climate-linked declines. These declines must be monitored to ascertain whether they are ongoing, and if so studied to uncover causes, particularly in reference to potential loss of genetic diversity. This is best achieved by a long term monitoring programme.
Large brown seaweeds were a significant omission from the recent "State of Nature", a report documenting population declines for many species in the UK (Burns et al. 2013) . The data presented here suggest that some of these brown seaweeds should be added to the list of declining species for some regions and awareness raised given the important given the habitat they create. 
